Abstract: Coated activated charcoal haemoperfusion (CAC-HP) does not reduce the plasma concentration in amitriptyline (AT)-poisoned pigs. The aim of this non-blinded, randomized, controlled animal trial was to determine if CAC-HP reduces the pathological ECG changes caused by AT poisoning. Fourteen female Danish Landrace pigs (mean weight 27.7 kg, range 20-35 kg (CAC-HP) and 24.4 kg, range 18-30 kg (control group, CG), n = 7 in each group) were included. After randomization, the pigs were anaesthetized and intravenously poisoned with AT. The intervention group underwent 4 hr of CAC-HP plus standard care (oral activated charcoal). Intervention was compared to standard care alone. From each pig, a 12-lead ECG and haemodynamic variables were obtained at baseline, at full AT loading dose, before and during CAC-HP. Baseline ECG variables (RR, PR, QRS, QTc, QTp, QTe, TpTe and TpTe/QT) for lead II, v2 and v5 were not significantly different (F = 0.035-0.297, p-values 0.421-0.919). Differences within groups over time and between groups were tested by ANOVA repeated measures. For all variables, the time-plus-group level of significance revealed a p-value > 0.05. Severe cardiovascular arrhythmias occurred in both groups with 3 in the CAC-HP group versus 1 incident with premature death in the CG. The attenuating effect of CAC-HP to orally instilled activated charcoal alone on AT-induced ECG alterations did not differ significantly. We conclude that the use of modern CAC-HP as an adjunctive treatment modality in AT-poisoned pigs is inadequate.
Data from poison control centres state that intended and nonintended overdose with tricyclic antidepressants (TCA) is a common cause of poisoning [1] [2] [3] . The cases vary from accidental overdoses [4] to intended overdoses for suicidal purposes and misuse in supratherapeutic levels leading to intoxication [5, 6] . The clinical profile of patients suffering from TCA poisoning includes severe central nervous depression, seizures and circulatory collapse. The TCA-poisoned patient has a 2-3% mortality rate for those who reach hospital and this is mainly due to cardiac depression and cardiac failure [7] . In the 1990s, TCA accounted for approximately 25% of deaths by medical poisoning reported to the US poison control centres [8] . The surface electrocardiogram (ECG) plays an important role in the initial diagnosis and prognosis of TCA poisoning. Wide QRS complex tachycardia with QRS > 100 msec. indicates severe poisoning with a 14% risk of arrhythmias [9] . Boehnert et al. [4] reported a 50% incidence rate of arrhythmias when QRS > 160 msec. Amitriptyline (AT) poisoning often present quite specific ECG changes due to the class 1a action of the drug [10] [11] [12] which affects the fast sodium channels in the myocardium. On the systemic vascular level, the drug effects are several. One is the inhibition of noradrenaline re-uptake that induces hypertension and intermittent wide complex tachycardia [13] . Later in the toxidrome of AT poisoning, the patient develops hypotension due to AT-induced vasodilation [14] . Consequently, AT is a potent dysrhythmogenic drug. Long QT syndrome, TdP and sudden unexpected death (SUD) in combination are commonly reported as consequence of AT poisoning [15] [16] [17] .
The 12-lead ECG and following advanced analysis of different subintervals are regularly used as diagnostic tools in patients with cardiac disease. Recently, there has been increased awareness of the application of advanced ECG analysis for predicting SUD and arrhythmias in chronically ill patients [18] and in the general population as well [19] . In the field of clinical toxicology, the application of advanced ECG analysis has not yet been fully established although initial studies are promising [20] . Although the initial evaluation of patients poisoned with compounds possessing toxic effect on the cardiovascular system primarily includes a standard 12-lead ECG [12] , routine monitoring of patients poisoned with dysrhythmogenic compounds is usually continuous real-time ECG monitoring, with special emphasis on the QT interval and widening of the QRS complex [9, 10, 21, 22] . Ojanper€ a et al. studied the correlation between reported death and prescribed drugs over a period from 2005, 2009 and 2013 and based on the fatal toxicity index (FTI), defined as death/1 million daily doses. Ojanper€ a et al. ranked the drugs in order from most to less toxic [6] . The TCAs doxepin, amitriptyline and trimipramine were ranked as the 4th, 7th and 8th highest drug on the FTI. AT is widely prescribed as treatment for neuropathic pain conditions, sleep disorder and depression. AT is a pro-dysrhythmogenic drug when administered in Author for correspondence: Tejs Jansen, Department of Anaesthesiology and Intensive Care Medicine, Copenhagen University Hospital Bispebjerg, Bispebjerg bakke 23, 2400 NV, Copenhagen, Denmark (e-mail tejs.jansen.02@regionh.dk).
supratherapeutic doses achieving supratherapeutic concentrations. This has been observed and tested in human as well as in animal models [9, 11, [23] [24] [25] . The treatment guidelines for AT-induced arrhythmias vary and are based on few laboratory trials and mostly case reports and case series as opposed to the recommendations of oral activated charcoal for early-phase poisonings [26] [27] [28] . In the late phase, when arrhythmias are present, different approaches are recommended. Infusion of sodium bicarbonate is at present regarded as the cornerstone in the emergency treatment [26] . Intravenous lipid emulsion therapy is suggested by some groups and rejected by others, but the evidence for using lipid emulsion is of very low grade [29, 30] . The only human, randomized, controlled trial available failed to show benefit of the intravenous lipid emulsion treatment compared to bicarbonate, and the treatment modality is discouraged in most situations [31] . In an earlier study in pigs, we described that the plasma level of AT was unaffected by 4 hr of coated activated charcoal haemoperfusion (CAC-HP) [32] . The hypothesis for the trial was that AT, despite its high volume of distribution and plasma protein binding, might be adsorbed by CAC-HP and thereby decrease the plasma concentration of free AT and shift the AT equilibrium away from the deeper compartments and consequently reducing the risk of clinical poisoning. Boehnert et al. [9] could not find a direct correlation between plasma AT concentration and arrhythmias but did find a 50% increase in arrhythmias at QRS intervals above 160 msec. The cardio-protective or antiarrhythmic effect of CAC-HP is unclear. The unspecific adsorption by the CAC-HP filter might adsorb proteins and thereby alter the level of free AT which might provide a protection against arrhythmias. We wanted to explore whether CAC-HP in addition to oral charcoal could attenuate ECG alterations and reduce malignant arrhythmias when compared to oral charcoal alone.
Material and Methods
The study protocol was approved by the Danish Experimental Animal Expectorate (2014-15-0201-00190) and complies with the NIH guideline for care and use of laboratory animals, 8th edition.
The study was conducted in the animal research laboratory at the Department of Experimental Medicine, Faculty of Health, University of Copenhagen, Denmark. This is the second paper based on this experiment (2014-15-0201-00190).
In accordance with international guidelines for research involving live animals, the trial set-up and thoughts about the methods of the study comply with the concept of the 3Rs [33, 34] . Results are reported in accordance with the ARRIVE guidelines [35] .
Experimental protocol. The study was conducted using Danish Landrace pigs. All animals were kept in uniform conditions prior to enrolment in the trial. The animal caretakers administered the food and water in accordance with the animal needs. The animals were housed for a minimum of 1 week prior to enrolment in the study. The day before the trial day, the animals were sedated to secure intravenous access in both ears.
At the trial day and before anaesthesia, the animals were randomized by random numbers in a sealed envelope to either intervention (CAC-HP) or control group (CG) [36, 37] and then anaesthetized in their pens by intravenous induction with propofol (B.Braun, Copenhagen, Denmark) 4-6 mg/kg IV and titrated until calm sleep while maintaining spontaneous respiration.
Animals were intubated and mechanically ventilated. Anaesthesia, analgesia and continuous monitoring of vital functions were maintained throughout the study. Experimental details are previously described by Jansen et al. [32] .
The peripheral vein catheters placed in the ears were used for fluid maintenance and AT loading. After the preparation, the animals did stabilize for a period of at least 30 min. prior to baseline data recording. Baseline data (haemodynamic and respiratory parameters) were then recorded for a minimum of 15 min. before a baseline 12-lead digital ECG was obtained (GE Mac 1600, GE Healthcare, Milwaukee, WI, USA). Amitriptyline (Amitriptyline 10 mg/ml, Pharmacy of Bispebjerg University Hospital, 2400 Copenhagen, Denmark) loading was initiated with 7.5 mg/kg for 20 min. (TERUFUSION Syringe Pump TE-331, Terumo, Leuven, Belgium). When AT loading was completed, a 12-lead ECG was recorded and followed by 30 min. of AT distribution (Fig. 1) .
Activated charcoal (1 g/kg) (Norit Carbomix, Aage Christensen A/S 2500 Valby, Denmark) was instilled orally via an orogastric tube in all animals 30 min. after completion of AT loading. Haemoperfusion was initiated in the CAC-HP group 30 min. after activated charcoal dosing [32] .
Sample collection and data measurements. Electrocardiogram was recorded at specific intervals in accordance with the protocol (Fig. 1) . Arterial blood samples from both groups were drawn sequentially and analysed to assure that pH, potassium, sodium, blood glucose and blood gases were within normal ranges (GEM Premier 3000, Lexington, MA, USA). After final blood sampling and ECG recording, the animal was killed by intravenous bolus of pentobarbital 140 mg/kg (Euthasol Vet, 3421 TV, Oudewater, The Netherlands).
Electrocardiogram analysis. Electrocardiogram analysis was performed manually as automated ECG analysis was not possible due to porcine T wave morphology with very narrow T waves. The following ECG variables were measured; RR, PQ, QRS, QT, QTp (the interval from Q wave onset to peak of T wave), QTe (the interval from Q wave onset to end of T wave) and QTc according to Bazzets formula. Further TpTe was calculated as the difference between QTp and QTe. Further, the TpTe/QT was calculated. All measurements were averaged over 3 consecutive beats. The software Cardio Caliper â (Iconico Inc. New York, USA) was used for precise evaluation with individual calibration of time intervals in each ECG. Measurements were made in limb lead II and the pre-cordial leads V2 and V5 as these leads usually produce the most prominent T wave and thus make ECG measuring more reproducible. Measurements were validated by an external ECG expert.
Statistics. Statistical analysis for baseline demographics was performed by independent sample t-test. All data sets were tested for normality of distribution, and parametric testing was applied. Test for differences over time and between groups was performed by ANOVA repeated measures. Statistical significance was defined as p > 0.05. Statistical analysis was performed with SPPS Version 24 (IBM Corp, Armonk, NY, USA).
Results
Fourteen female Landrace pigs, mean weight 27.7 kg, range 20-35 kg (CAC-HP) and 24.4 kg, range 18-30 kg (CG) were included in the trial, and 13 completed the study. One pig in the CAC-HP group died after AT loading. Independent t-test revealed no significant differences between groups at baseline for the tested parameters HR, QRS, QTc, QTp, QTe, TpTe and TpTe/QT in leads II, V2 and V5 (p-values ranged from 0.421 to 0.989) (Table S1) .
One baseline ECG in the CG was not analysed at baseline due to incomplete recording. In the following analysis, one pig was partially excluded from the analysis. This pig in the control group died from Torsade de pointes arrhythmia (TdP) (Fig. 2) , although advanced life support was initiated rapidly.
The three obtained ECGs recorded before TdP occurred are included in the final analysis and the following statistics are treated as per protocol analysis. We found more severe cardiovascular events in the CAC-HP group. Severe defined as events demanding acute intervention with administration of vasopressors. One pig developed hypotension 30 min. after CAC-HP start unresponsive to one bolus phenylephrine (0.2 mg i.v.). Normotension was restored after one bolus epinephrine (0.5 mg i.v.). A second pig developed cardiac arrest 2 min. after initiating CAC-HP. After one bolus epinephrine (1 mg i.v.), the circulation was restored. During the following 46 min., boli of phenylephrine (0.2 mg i.v.) and epinephrine (0.25 mg i.v.) were given. At third pig developed cardiac arrest 22 min. after initiation of CAC-HP. After approximately 1 min. of resuscitation and epinephrine (0.1 mg i.v.), the circulation was restored and stable for the rest of the treatment.
The mean values AE 1S.D. over time were calculated for RR, PR, QRS, QTc, QTp, QTe, TpTe and TpTe/QT variables in lead II, V2 and V5 (Fig. 3) .
Analysis of variance (split-ANOVA repeated measures) over time and between groups was conducted according to protocol sampling times. For the analysed parameters, Mauchly's test for sphericity was calculated to test whether the variances of differences between all combinations of related groups (levels) were equal. In the case of inequality, the Greenhouse-Geisser correction was applied. Detailed results of the statistical analysis are available as in Appendix S1.
A significant effect of time on RR interval, df = 2.487, F = 7.722, p < 0.002, was found, but when testing for the time + group combination, no significant difference was found (df = 6, F = 0.244, p < 0.845).
For the PR(II), the same trend was calculated. Time alone (df = 2.330, F = 0.426, p > 0.689).
The pH value in whole blood was measured throughout the trial, and baseline demographics and differences of mean were calculated. A statistical significant difference was found at baseline F = 7.452, p = 0.026. This was ascribed to one pig with a pH of 7.31. No other significant differences between groups were found (F = 10.083, p = 0.194 to F = 0.006, p = 0.945 (split-ANOVA repeated measures).
Discussion
In this controlled animal model, we wanted to investigate whether the application of CAC-HP in combination with standard care (oral activated charcoal) could minimize the development of arrhythmias or reduce the pathological prolongation of the RR, QRS, QTc and the TpTe. We chose these intervals and complexes in the ECG as they are the ones used in the clinical setting and as QTc and TpTe represent the repolarization of the myocardium and when prolonged might induce life-threatening ventricular arrhythmias. We chose to induce poisoning in the pigs with 7.5 mg/kg AT despite the study by Heinonen et al. [38] who used 10 mg/kg AT. In a dose-testing pilot study in two pigs, both animals died due to circulatory collapse either during infusion or just few minutes after end of 10 mg/kg AT infusion. Amitriptyline was infused intravenously and not given orally to eliminate the plasma variation caused by gastrointestinal absorption factors. Thirteen of the 14 included pigs completed the study. One pig died from TdP 23 min. after ending the AT infusion. The QRS complex was prolonged by a factor 3.18 (from 33 to 105 msec.) during the 20 min. of AT loading. Then, blood pressure dropped and advanced life support was initiated [39] . The QRS increased to 214 msec. and NaHCO 3 was infused. During the recording of the fourth ECG at the end of AT loading, the pig developed a TdP arrhythmia (Fig. 2) and turned into ventricular tachycardia. Despite rapid initiation of advanced life support, the pig died. In the human literature, QRS > 100 ms predicts a 14% rate of ventricular arrhythmias. Literature on the width of the pathological QRS interval in pigs, and whether the time from a normal to a pathological QRS widening plays a vital role, could not be found. However, the rapid and relative large changes may increase the risk of arrhythmias but we have not been able to find any documentation for this in the literature. The QTc intervals in lead II, V2 and V5 are longer in the CAC-HP group -although not significant (Table S2) . We had not expected this to be the case. A reason for this increased QTc might be that the CAC-HP filter non-specifically adsorbs plasma protein compounds and thereby gives room for more unbound AT, which may act on the cardiac myocytes [32] . As the baseline ECG demographics of the included animals are the same, also regarding QTc, (F = 0.033, p = 0.425), the intervention alone in the CAC-HP group is the most plausible explanation for the increased QTc. The origin and role of the TpTe interval are debated -but it is thought to represent the last part of the repolarization, and increased TpTe is thought to reflect increased dispersion of repolarization and thus increased risk of arrhythmias. In human beings, a prolonged TpTe has been shown to be associated with higher all-cause mortality, sudden cardiac death and ventricular arrhythmias both in chronically ill populations and in general populations as well [40] [41] [42] . In our study in pigs, we did not find any significant differences over time in this parameter.
Guidelines or recommendations for when to change the filter during treatment are not available. It is known that a saturation of the HP column eventually will occur and normally within 2-6 hr of treatment. We did not change the filter during the 4-hr treatment as flow was relatively low (3000 ml/hr) and filter pressure acceptable. Further, our piglets weighed approx. 28 kg and changing the HP column during treatment would mean a substantial loss of blood equal to the internal filter volume. We do speculate that the following drop in haemoglobin and circulating blood volume would affect the piglets negatively, making comparison between the treatment arms difficult.
The pH of whole blood has significant influence on the equilibrium between protein-bound and free AT [43] . In this trial, the pH values and electrolyte concentrations were stable and within normal physiological range, and no differences between groups were found in the period of poisoning and intervention. No measures were taken to correct or adjust the pH values or electrolyte concentrations during the trial.
We could not find clinically relevant ECG differences between the two groups. In this experiment, CAC-HP had no ameliorating effect on AT-induced ECG changes. This is not consistent with published reports [4, 44] that suggest that the treatment with CAC-HP improves recovery and survival of AT-poisoned patients. In the published papers, however, the influence of pH alterations during the initial admittance and during treatment is not taken into consideration. We do speculate that when a patient is admitted to hospital and candidate for CAC-HP, the patient is most likely to suffer from severe poisoning comprising respiratory and cardiovascular failure resulting in respiratory and metabolic acidosis. The advanced treatment with fluid resuscitation, stabilization of vital parameters and CAC-HP may increase pH to a normal or alkali state. This will allow more AT to bind to proteins and thereby becoming pharmacologically inactive. In this case, the return of the patient from severely poisoned to a more stable state is caused by the changes in pH [16, 26, 45] rather than the effect of CAC-HP treatment.
Conclusion
The attenuating effect of CAC-HP to orally instilled activated charcoal alone on AT-induced ECG alterations did not differ significantly. We conclude that the use of modern CAC-HP as an adjunctive treatment modality in AT-poisoned pigs is inadequate.
